Interleukin-6 (IL-6)-type cytokines lead to growth arrest of human A375 melanoma cells. The present study demonstrates that this eect depends on the activation of STAT transcription factors. We observed a correlation between the extent of growth inhibition exerted by IL-6, IL-6 plus soluble IL-6 receptor or oncostatin M (OSM) and the intensities of STAT3 and STAT1 signals. A truncated chimeric receptor retaining only the membrane-proximal region of gp130, the common signal transducer of IL-6-type cytokines, did neither activate STATs nor mediate growth arrest of stable transfectants. These functions were restored by the addition of short STAT recruitment modules comprising critical tyrosine residues from gp130 (Y767, Y814). A receptor carrying tyrosine module Y759 of gp130 eectively mediated activation of the phosphatase SHP-2 but did not alter cell growth. Overexpression of dominant negative forms of STAT3 but not STAT1 abrogated the inhibitory eect of OSM and IL-6 in A375 cells. In addition, we have identi®ed the cyclin-dependent kinase inhibitor p27/Kip1 as a novel target to be regulated by IL-6-type cytokines. Stimulation-dependent upregulation of p27 mRNA occurred STAT3-dependently. Also p27 protein accumulated which coincided with the disappearance of hyperphosphorylated retinoblastoma protein in three human melanoma cell lines sensitive to IL-6-type cytokines.
Introduction
Cytokines are protein mediators playing an important role in de®ning the fate of cells, such as proliferation, dierentiation or death. Distinct responses of target cells to cytokines are determined by signal transduction events which dier between various cell types, or even between separate phases of cell development. Local regulation of cell growth by intercellular cytokine signals may prevent tumor progression during the ®rst in situ stages. Thus, the elucidation of the molecular basis of cytokine eects should allow the disclosure of mechanisms regulating tumor growth.
Interleukin-6 (IL-6) and oncostatin M (OSM) belong to the group of IL-6-type cytokines which further comprises leukemia inhibitory factor (LIF), IL-11, ciliary neurotrophic factor, and cardiotrophin-1 (for recent reviews see Heinrich et al., 1998; Hirano, 1998) . Both, IL-6 and OSM are typical pleiotropic cytokines with a wide spectrum of functions. These include enhancement of megakaryocyte growth and platelet formation, promotion of hematopoietic progenitor cell proliferation, and regulation of hepatic acute phase protein synthesis. Furthermore, both cytokines mediate growth stimulation of myeloma and plasmacytoma cells, but growth inhibition and dierentiation of mouse M1 myeloid leukemia cells. Also certain breast and lung cancer cells respond with growth arrest to IL-6 and OSM (Chen et al., 1988; Douglas et al., 1997; Horn et al., 1990; Takizawa et al., 1993) . Besides that, an anti-proliferative eect of IL-6 and OSM has been described for melanocytes (Swope et al., 1991) and for melanoma cells from early phases of tumor growth (Lu et al., 1992 (Lu et al., , 1993 (Lu et al., , 1996 Swope et al., 1991) . In contrast, cells from advanced stage melanomas are in most cases resistant to IL-6 and/or OSM, acquiring the so-called`multicytokine resistance' phenotype. Therefore, local paracrine growth inhibition may play an important role for the prevention of tumor development.
The redundant character of the biological actions of cytokines can be explained by the shared usage of signal transducing molecules. IL-6-type cytokines use gp130 as a common b chain of their multimeric receptor complexes Hirano, 1998) . Upon binding of IL-6 to its ligand-speci®c achain IL-6R (gp80), gp130 joins the receptor complex and, as a dimer, transduces the signal into the cell. Also a soluble form of the IL-6R in complex with IL-6 associates with gp130 and thereby promotes signal transduction (Mackiewicz et al., 1992; Taga et al., 1989) . Human OSM utilizes two dierent types of receptor complexes. Both of them contain gp130 heterodimerized with either the LIFR (Gearing et al., 1992) or an OSM-speci®c receptor component (OSMRb) (Mosley et al., 1996) . The structures of LIFR and OSMRb are closely related to gp130 and both molecules contribute to intracellular signaling.
IL-6-type cytokines, as many other cytokines and growth factors, utilize Jaks (Janus kinases) and STATs (signal transducers and activators of transcription) as major mediators of signal transduction Hirano, 1998) . Janus kinases Jak1, Jak2 and Tyk2 associated with the membrane-proximal region of gp130 become activated upon stimulation, thus leading to the tyrosine phosphorylation of cellular substrates, among them the cytoplasmic tail of gp130. The four membranedistal tyrosine residues of gp130 are, when phosphorylated, docking sites for the transcription factors STAT3 and STAT1 Stahl et al., 1995) . Subsequently, STATs also are tyrosinephosphorylated, form homo-or heterodimers and translocate to the nucleus where they regulate the transcription of target genes. The tyrosine phosphatase SHP-2 also binds to a speci®c phosphotyrosine motif of gp130 (Stahl et al., 1995) , thereby possibly forming a link to the Ras/Raf/MAP kinase pathway, also known to be activated by IL-6-type cytokines (Boulton et al., 1994; Kumar et al., 1994) . Activation of the SHP-2 phosphatase may further lead to downregulation of the signal (Kim et al., 1998; Symes et al., 1997) . In addition, other molecules such as vav (Lee et al., 1997) or tyrosine kinases Hck (Ernst et al., 1994) , Tec, Btk (Matsuda et al., 1995b) and Fes (Matsuda et al., 1995a) have been reported to become phosphorylated upon gp130 stimulation, but their contribution to signal transduction is unclear.
The molecular mechanisms underlying the pleiotropy of IL-6-type cytokines have only recently started to become understood: IL-6-induced neurite outgrowth in rat pheochromocytoma cells crucially depended on the activation of MAP kinase (Ihara et al., 1997) . Myeloid M1 cells required functional STAT3 to dierentiate into macrophage-like cells (Minami et al., 1996; Nakajima et al., 1996) . The inhibition of differentiation and maintenance of pluripotency of embryonic stem cells cultured in the presence of LIF similarly depended on STAT3 (Boeuf et al., 1997; Niwa et al., 1998) . Growth of transfected BAF ± B03 pro-B cells needed the contribution of both signals derived from gp130: STATs induced anti-apoptotic factors, whereas MAP kinase activation was necessary for proliferation . Short-term DNA synthesis in these cells, however, had even been observed with a truncated gp130 lacking all tyrosine residues required for SHP-2 and STAT activation (Murakami et al., 1991) .
In this study, we delineate the signaling mechanism of IL-6 and OSM in human A375 melanoma cells that have long been known to be growth inhibited by these cytokines (Morinaga et al., 1989; Zarling et al., 1986) . We show with receptor chimeras and dominant negative forms of STATs that the gp130-mediated growth arrest of human A375 melanoma cells crucially depends on the activation of STATs. Speci®cally, we demonstrate that STAT3, rather than STAT1 or the tyrosine phosphatase SHP-2, plays a key role for the growth inhibitory eect. In addition, we investigated the eect of IL-6/sIL-6R and OSM on the expression of p27/Kip1, a member of the KIP family of cyclindependent kinase inhibitors that further comprises p21/ Cip1/Waf1 and p57/Kip2. These factors prevent cell cycle progression by binding to and inhibiting the activity of cyclin D-and cyclin E-associated kinases (reviewed in Sherr and Roberts, 1995) . The identification of p27/Kip1 as a novel target to be upregulated by IL-6-type cytokines thus leads to a further understanding of the molecular mechanisms ultimately leading to growth arrest.
Results
Eect of IL-6 and OSM on A375 cells: correlation between growth inhibition and STAT activation
We investigated the time and dose dependence of the growth inhibitory eect of IL-6 and OSM on A375 cells. It was also tested whether the soluble IL-6R would enhance the eect exerted by IL-6 alone, as described for other systems (Mackiewicz et al., 1992; Taga et al., 1989) . After 2 days of incubation with the dierent cytokines a slight growth inhibition of the Figure 1 Eect of IL-6 and OSM on the growth of human A375 melanoma cells. (a) Kinetics of growth inhibition. 1500 cells/well were seeded into 96 well plates and cultured for dierent periods of time in the presence of IL-6 (100 ng/ml), IL-6/sIL-6R (100 and 500 ng/ml, respectively), OSM (50 ng/ml), or with no cytokine added. (b) Cells (initial density 3000 cells/well) were cultured for 4 days in the presence of dierent concentrations of cytokines. Soluble IL-6R was added to IL-6 in twofold molar excess. Growth was assessed by an XTT test, values in (b) are recalculated according to untreated controls. Error bars represent the standard deviation of triplicate samples cells became visible. It increased thereafter and reached a plateau after 4 ± 5 days of culture ( Figure 1a) . OSM induced the strongest growth arrest. The eect of IL-6 was less pronounced but could be enhanced significantly by addition of the soluble IL-6 receptor, indicating that the number of surface IL-6 receptors was limiting (Figure 1b) .
A very early eect that can be observed upon stimulation of cells with IL-6-type cytokines is the activation of latent cytoplasmic STAT factors, which subsequently translocate to the nucleus. Therefore, we tested whether nuclear extracts of A375 cells contained stimulation-dependent DNA binding activities. For electrophoretic mobility shift assays the SIE-probe was used which speci®cally binds STAT3 and STAT1 (Zhong et al., 1994) . As shown in Figure 2 all stimuli used activated STATs, albeit with dierent kinetics and intensities. Upon OSM treatment, after 1 min prominent bands corresponding to STAT3 and STAT1 homo-and heterodimers were already visible and were at maximum after 5 min of stimulation. At 60 min the signal was greatly decreased with just a faint band resulting from a STAT3 homodimer remaining (Figure 2a) . The DNA-binding activity induced by IL-6/sIL-6R complexes appeared somewhat delayed compared to OSM, reaching a maximum after 15 min but similarly declined thereafter. In the absence of the soluble receptor IL-6 eects were considerably weaker. Thus, the intensities of the inducible STAT signals paralleled the antiproliferative potential of OSM, IL-6/sIL-6R and IL-6, respectively. Although the initial activation of both STAT3 and STAT1 is transient, signi®cant STAT3 signals can be observed for at least 48 h when cells are cultured in presence of OSM or the IL-6/sIL-6R complex (Figure 2b ). Also upon stimulation with suboptimal cytokine doses preferential stimulation of STAT3 becomes evident (Figure 2c ).
Gp130-mediated growth inhibition requires the presence of STAT recruitment sites in the receptor
To investigate the role of the STATs for the growth inhibitory action of IL-6-type cytokines in greater detail, we took advantage of chimeric receptors, which enabled us to study signals elicited by the cytoplasmic part of gp130 or muteins thereof independently of endogenous wild-type gp130 in A375 cells. The suitability of this approach was demonstrated by the EG receptor construct containing the extracellular region of the mouse erythropoietin (EPO) receptor fused to the transmembrane and intracellular parts of gp130 : clones stably expressing this chimera ( Figure 3) were dose-dependently growthinhibited by EPO (Figure 4 , ®rst panel). Also the STAT signal was comparable to the one observed after IL-6 stimulation: the signal became detectable after 1 min, a maximal stimulation of both STAT1 and STAT3 was observed after 5 min, and after 60 min only a faint STAT3 band remained detectable. Therefore, the use of these and similar chimeras should be appropriate to study in detail the growth inhibitory eect mediated by gp130 dimers.
Construct DB contains only the membrane-proximal box1/box2 region of gp130, important for Jak association while lacking all tyrosine residues leading to STAT recruitment. Clones stably expressing this receptor ( Figure 3) showed, as expected, no STAT activation when stimulated with EPO ( Figure 4 , second panel). Interestingly, their growth was not in¯uenced by EPO. The same clones, however, were susceptible to the action of IL-6/sIL-6R, indicating that their signaling machinery leading to growth arrest was still functioning (data not shown).
We and others have previously shown that the addition of`tyrosine modules' from gp130 or from other receptors to the membrane proximal region of gp130 resulted in receptors capable of activating STATs Stahl et al., 1995) . We therefore generated clones expressing chimeric receptor constructs with tyrosine modules Y767 or Y814 from gp130 ( Figure 3 ). As shown in Figure 4 (third and fourth panel), these clones were growth-inhibited by EPO. Concomitantly, an EPO-induced STAT activation could be observed: Y814 showed a clear prevalence of STAT3 homodimers and STAT3/1 heterodimers, with very few STAT1 homodimers; Y767 showed STAT1 and STAT3 signals with comparable intensities. Compared to the full-length EG construct (®rst panel) the signal was somewhat prolonged: after 60 min no considerable decrease in band intensities was oberved.
SHP-2 activation without concomitant STAT activation does not in¯uence growth of A375 transfectants
Although gp130-stimulation leads to a transient SHP-2 phosphorylation in A375 cells (Figure 5a ), SHP-2 activation cannot be essential for the growth arrest of A375 cells since the chimeras Y767 and Y814 lack tyrosine residue Y759 of gp130 required for SHP-2 activation (Stahl et al., 1995) while still being able to mediate growth arrest ( Figure 4 ). To investigate the eect of SHP-2 activation without concomitant STAT activation, transfectants were generated that expressed receptors containing tyrosine module Y759 (Figure 3 , lower panel). Phosphorylation of SHP-2 could be observed upon stimulation of these transfectants but not of those expressing the DB construct (Figure 5a ), con®rming that SHP-2 was recruited via the Y759 module. Y759 transfectants showed no signi®cant STAT activation, and their growth behavior was neither positively nor negatively in¯uenced by the addition of EPO (Figure 5b ).
Dominant negative STAT3 abrogates the growth inhibitory eect of IL-6-type cytokines
The data presented above strongly indicate that STATs play an essential role for gp130-mediated growth arrest of A375 melanoma cells. To further corroborate these results we made use of dominant negative forms of both STAT1 and STAT3. STAT1F and STAT3F contain a phenylalanine instead of tyrosine residues Y701 or Y705, respectively, which become phosphorylated upon activation of the wildtype STATs. STAT3D has a mutation within its DNA binding domain. Consequently, while still being able to become phosphorylated it can no longer bind to DNA . Clones were generated that overexpressed mutated or wild-type STATs to a similar level (data not shown). Mock transfected cells served as controls. Interestingly, clones overexpressing STAT1F showed no dierent behavior towards IL-6/ sIL-6R or OSM (Figure 6c ) compared to cells overexpressing wild-type STAT1 (Figure 6b ) or to mock transfected cells (Figure 6a ). STAT1F, however, was proven to be functional: compared to mock transfected cells, overexpression of STAT1F greatly diminished IL-6/sIL-6R or IFNg-inducible STAT1 DNA binding activity in a gel shift experiment (Figure 7a ). Moreover, this dominant negative form of STAT1 prevented upregulation of surface MHC class I expression by IFNg (Figure 7b ). Overexpression of STAT3 and its two forms acting in a dominant negative fashion (Figure 7a ) clearly influenced the growth of transfectants in the presence of IL-6-type cytokines. Whereas cells overexpressing wild-type STAT3 were somewhat more sensitive to the growth inhibitory eect (Figure 6d ), STAT3D expressing clones were growth-inhibited only at the highest concentrations of IL-6/sIL-6R or OSM ( Figure  6f ). Cells overexpressing dominant negative STAT3F were completely resistant towards IL-6/sIL-6R or OSM (Figure 6e ). These results strongly indicate that STAT3 is the key mediator of the growth arrest in A375 melanoma cells elicited by IL-6-type cytokines.
Upregulation of cyclin-dependent kinase inhibitor p27/Kip1 by IL-6-type cytokines occurs STAT-dependently
In search of potential gene targets in¯uenced by IL-6-type cytokines we investigated the expression of Figure 3 Expression of chimeric receptors on the surface of A375 transfectants. Cells were incubated with a polyclonal rabbitanti-mouse EPOR antiserum (1 : 100 dilution) followed by staining with PE-conjugated donkey-anti-rabbit IgG antiserum. Fluorescence was measured by a FACSCalibur (Becton Dickinson) and analysed by the CellQuest software. Each panel contains the histograms of the indicated transfectants (black) in comparison to those of transfectants incubated with secondary antibody alone (dotted line) and of parental A375 cells (solid line) to show unspeci®c binding of the polyclonal antisera the cyclin-dependent kinase inhibitor p27/Kip1. For this molecule a role in melanoma development and melanoma cell growth has been suggested (see Discussion). The level of p27 mRNA increased upon incubation of A375 cells with IL-6/sIL-6R or OSM (Figure 8a ). The increase is visible after 6 h, maximal after 48 h and the level slightly decreases thereafter. We next examined whether the sensitivity of the clones overexpressing wild-type or dominant negative forms of STAT3 is re¯ected in their ability to upregulate p27. As shown in Figure 8b , cells overexpressing wild-type STAT3 show an increased upregulation of p27 mRNA compared to mock transfected cells (fourfold and ®vefold after IL-6/ sIL-6R and OSM stimulation, respectively). This eect is visible already at an early time point (4 h). However, cells expressing the dominant negative forms STAT3F and STAT3D show only a weak p27 mRNA increase (ca. 1.5-fold). Thus, there is a correlation between the sensitivity of the cells towards the growth inhibitory eect of IL-6-type cytokines and the levels of p27 mRNA induced. The increase in p27 mRNA levels correlated with increased protein levels: incubation with IL-6/sIL-6R or OSM led to an accumulation of p27 protein ( Figure  9a ). The eect became visible after 8 ± 16 h and continuously increased. The expression levels of Erk1, a control protein, remained unchanged. Expression of p27 was not induced in control cells left without cytokine for up to 3 days (not shown).
The retinoblastoma protein (pRb), a key regulator of the cell cycle, is known to be an important target of cyclin-dependent kinases. Hyperphosphorylation of pRb leads to inactivation thereby allowing cell cycle progression. Thus, the appearance of the cyclindependent kinase inhibitor p27 correlates well with the disappearance of the hyperphosphorylated form of pRb (pRb P , Figure 9a ). Moreover, p27 accumulation can also be observed in human WM902b and WM239 melanoma cells sensitive to IL-6/sIL-6R (Lu et al., 1992, and Figure 9b ). Thus, upregulation of p27 is not con®ned to our model cell line A375 but may be a more general phenomenon for melanoma cells growth inhibited by IL-6-type cytokines.
Discussion

Growth inhibition of melanoma cells by IL-6-type cytokines depends on STAT activation
The ®rst major ®nding of the present study is that STAT factors, in particular STAT3, play a crucial role for IL-6-and OSM-mediated growth inhibition of A375 melanoma cells. This conclusion is based on three lines of evidence: (1) For a given stimulus (IL-6, IL-6/sIL-6R, or OSM) we observed a strong correlation between the intensities of the short-term STAT signals and the extent of growth inhibition. (2) A truncated chimeric receptor lacking the STAT recruitment sites of gp130 was not able to mediate growth inhibition. However, addition of tyrosine modules Y767 and Y814 from gp130 restored this function. Stahl et al. (1995) have shown that the activation of Jaks associated with the membrane-proximal box1/2 receptor region is not aected by the presence or absence of added STAT recruitment modules. It therefore seems most likely that the dierent potency of the receptors to mediate anti-proliferative eects is due to their dierent ability to activate STATs. (3) STAT3 was identi®ed to play a major role for the antiproliferative eects of IL-6/sIL-6R and OSM since stable clones overexpressing wild-type STAT3 exhibited a more pronounced eect than mock transfected cells. In addition, expression of dominant negative forms of STAT3 abrogated the growth inhibitory eect of IL-6-type cytokines. Since overexpression of the dominant negative forms of STAT3 also prevented activation of endogenous STAT1 (Figure 7a ), we formally cannot exclude a potential contribution of STAT1 from these experiments. However, overexpression of STAT1F, the dominant negative form of STAT1, did not disturb signaling of IL-6/sIL-6R and OSM although IFNgsignaling was suppressed. Thus, STAT1 seems to be dispensible for the growth inhibitory eect of IL-6-type cytokines, although a short-term STAT1 activation can be observed upon high-dose stimulation. Currently there is no evidence suggesting that dominant negative STAT3 might interfere with Jak synthesis or function. In M1 cells, at least, IFNg-responses which depend on Jak1 and Jak2 are not aected by the overexpression of dominant negative STAT3 . Also in other cellular systems STAT3 is essential for the function of IL-6-type cytokines: for the survival of transfected BAF ± B03 pro-B-cells , for the dierentiation of promyelocytic M1 cells to macrophage-like cells (Minami et al., 1996; Nakajima et al., 1996; Yamanaka et al., 1996) and for the proliferation and maintenance of pluripotency of embryonic stem cells (Boeuf et al., 1997; Niwa et al., 1998) . However, not all IL-6 eects depend on STAT3: neurite outgrowth of PC12 pheochromocytoma cells needs signals via Y759 leading to activation of the tyrosine phosphatase SHP-2 and in turn to MAP kinase activation. STAT3 activation rather inhibits this (Ihara et al., 1997) . Also the gp130-mediated mitogenic response of BAF ± B03 transfectants depends on SHP-2 activation . Moreover, SHP-2 activation without concomitant STAT activation induces a slight proliferative signal in M1 cells . Thus, also SHP-2 plays an important role in signaling of IL-6-type cytokines, in some systems leading to eects dierent from those induced by STATs so that the biological response may be determined by the balance between STAT and SHP-2 activation.
Although gp130-stimulation leads to a transient SHP-2 phosphorylation in A375 cells, SHP-2 activation does not seem to be essential for the growth arrest since the chimeras Y767 and Y814 lacking tyrosine residue Y759, important for SHP-2 activation, are functional. Moreover, activation of SHP-2 without concomitant STAT activation did not in¯uence the growth behavior of A375 transfectants. It will be of interest to determine whether SHP-2 may play an inhibitory role for gp130-signaling in these cells, as has been shown for other cell types (Kim et al., 1998; Schaper et al., 1998; Symes et al., 1997) . This could explain why transfectants expressing the receptors Y767 and Y814 showed no apparent decrease of the STAT signal within the ®rst hour, while DNA binding activity induced by the full-length EG construct or by wild-type gp130 dramatically decreased between 30 and 60 min after stimulation. However, the decreased downregulation of the signal could also be due to the lack of the dileucine internalization motif in the truncated receptors, which is essential for endocytosis Figure 8 IL-6/sIL-6R and OSM upregulate p27/Kip1 mRNA expression in a STAT3-dependent manner. Northern blot analysis of (a) A375 parental cells or (b) of transfectants stably expressing STAT3WT, STAT3D, STAT3F or of mock transfectants. Cells were cultured for the indicated times in the presence of IL-6/sIL-6R (200 and 1000 ng/ml, respectively) or OSM (50 ng/ml). 5 mg of total RNA was used for Northern blot analysis. After p27 detection blots were stripped and hybridized with a GAPDH cDNA probe. Fold increase of p27 mRNA normalized according to GAPDH values was calculated using the ImageQuant software after scanning of the blots with a PhosphorImager (Molecular Dynamics) of gp130 (Dittrich et al., 1996; Thiel et al., 1998) and which may account for the lower surface expression of the full-length EG construct compared to the shorter constructs (Figure 3 ). Studies are in progress to answer this question.
The eect of IL-6 on A375 cells could be signi®cantly enhanced by addition of the soluble IL-6 receptor which acts agonistically (Mackiewicz et al., 1992; Taga et al., 1989) , indicating that the amount of surface IL-6R is limiting. Similar observations have been made for other tumor cells growth-inhibited by IL-6 such as murine B16 melanoma cells (Oh et al., 1997) , human non-small cell lung carcinoma cells (Ganapathi et al., 1996) or human osteosarcoma cells (Bellido et al., 1998) . Thus, loss of receptors may provide a possibility for tumor cells to evade the action of inhibitory cytokines. Loss of components of the signaling machinery may be regarded as an alternative strategy to attain a growth advantage: recently, melanoma cells resistant to the anti-proliferative eect of IFNa were described to contain less STAT1 than IFNa-sensitive cells. Overexpression of STAT1 improved the responsiveness to IFNa (Wong et al., 1997) . It will be of interest to ®nd out whether defects in Jak/ STAT signaling contribute to IL-6-resistance observed in several late-stage melanoma cell lines (Lu et al., 1992 (Lu et al., , 1993 .
p27/Kip as a novel target of IL-6-type cytokines
It is a challenging question how IL-6-type cytokines mediate in a cell-type speci®c manner via the activation of the same STAT factors various, and in part even contrasting, responses such as growth inhibition, survival, proliferation or dierentiation. To further understand the mechanism underlying this pleiotropy it is necessary to identify the cellular targets, since it is well conceivable that dierent sets of target genes are induced in a cell-type speci®c manner.
The second major ®nding of the present study is the identi®cation of cyclin-dependent kinase inhibitor p27/Kip1 as a factor that is upregulated during growth inhibition of A375 cells. We observed a stimulation-dependent accumulation of p27 protein coinciding with the disappearance of hyperphosphorylated pRb. This eect is not con®ned to A375 cells but may be a more general phenomenon since it similarly occurred in two other melanoma Figure 9 Stimulation-dependent accumulation of p27 protein. (a) Western blot of A375 cells treated with IL-6/sIL-6R (200 and 1000 ng/ml, respectively) or with OSM (50 ng/ml) for the indicated times. Equal amounts of total cell lysates containing 50 mg of protein were separated in a 6% (for pRb detection) or in a 15% (for p27 detection) SDS ± polyacrylamide gel. Blots were developed with antibodies speci®c for pRB (upper panel), or for p27 (lower panel). After stripping, the blot of the lower panel was reprobed with an anti-Erk1 antibody to demonstrate equal loading. The position of molecular size markers, hyper-and hypophosphorylated retinoblastoma protein (pRb P , pRb), p27 and Erk1 are indicated. (b) IL-6/sIL-6R induces p27 protein expression and pRB hypophosphorylation in WM902b and WM239 cells sensitive to the antiproliferative cytokine eect. Left panel: Western blot analysis was performed as in (a), right panel: WM902b cells (squares) and WM239 cells (circles) were incubated with IL-6/sIL-6R at dierent concentrations. Soluble IL-6R was added in twofold molar excess. Cell growth was assessed by an XTT assay recalculated according to untreated controls. Error bars represent standard deviation of triplicate samples cell lines sensitive to IL-6/sIL-6R. We also found an increase of p27 mRNA level induced by IL-6/sIL-6R or OSM in A375 cells which was enhanced by overexpression of wild-type STAT3 but abrogated by the presence of dominant negative forms of STAT3. Thus, the extent of the p27 mRNA upregulation correlates well with the sensitivity of the clones towards the growth inhibitory eect by IL-6-type cytokines. Intriguingly, BAF ± B03-transfectants were recently shown to downregulate p27 expression during the proliferative response imposed onto these cells by gp130-stimulation (Fukada et al., 1998) . If the p27 gene was a direct target of STAT3, this factor would play a positive regulatory role for p27 expression in A375 cells, but a negative one in BAFcells. However, it is also possible that IL-6 induces dierent sets of genes in these two cell lines which then lead to the dierential eects on p27 expression. It remains to be determined whether p27 upregulation plays a causative role for the induction of growth arrest or whether it just correlates with the growth state of the cells. With regard to the requirement of a 3 day span to detect a negative growth eect compared to the activation of STAT factors (within minutes) or the induction of p27 (within hours), we can not exclude a possible upregulation of a distinct autocrine factor with antiproliferative eects.
Other cyclin-dependent kinase inhibitors have been reported to be subject of regulation by IL-6-type cytokines: p21/Cip1/Waf1 was found to be upregulated by IL-6/sIL-6R complexes during growth inhibition and dierentiation of murine B16.F12 melanoma cells (Oh et al., 1997) and of human MG63 osteosarcoma cells (Bellido et al., 1998) . Induction of dierentiation of B cells by IL-6 coincided with increased levels of p21 and p18 (Morse et al., 1997) . During the dierentiation of mouse M1 cells an upregulation of p19 was observed (Narimatsu et al., 1997) . However, initial studies on cytokine eects on those cyclin-dependent kinase inhibitors did not provide evidence supporting a major role for them in growth arrested A375 cells (unpublished results). Thus, IL-6-type cytokines may target cell cycle regulators in a cell-type-speci®c manner during antiproliferative responses.
A possible importance of p27 for melanoma development has been implicated by a recent study: a relation between p27-levels and tumor thickness was found for nodular melanomas, with less protein being expressed in thicker lesions. Patients having tumors with few p27-staining cells had a signi®cantly higher risk of early relapse of their disease compared with those expressing moderate or high levels (Florenes et al., 1998) . Moreover, inhibition of cell cycle progression by a phosphatidylinositol-3 kinase inhibitor or by overexpression of MARCKS, a protein kinase C substrate, correlated with increased expression of p27 in human choroidal melanoma cells (Casagrande et al., 1998; Manenti et al., 1998) . Our ®nding that p27 is induced by IL-6-type cytokines during growth inhibition of melanoma cells therefore agrees well with the possibility that dysregulation of p27 expression may contribute to melanoma development and to the growth of melanoma cells.
Materials and methods
Cells and cytokines
Human A375 melanoma cells were purchased from the ATCC (CRL-1619). WM902b and WM239 cells (Herlyn, 1990) were kindly provided by Dr RS Kerbel (Sunnybrook Health Science Centre, Toronto, Canada). Cells were grown in RPMI 1640 medium supplemented with 5% FCS, 50 mg/ ml penicillin, 100 mg/ml streptomycin in a humidi®ed atmosphere with 5% CO 2 . Puri®ed recombinant human IL-6 with a speci®c activity of 2610 6 B cell stimulatory factor-2 units/mg was prepared as described (Arcone et al., 1991) . Soluble human IL-6 receptor was expressed in baculovirusinfected insect cells (WeiergraÈ ber et al., 1995) . Recombinant human OSM (Sporeno et al., 1994) was a generous gift of Dr G Ciliberto (Instituto di Recerche di Biologia Molecolare, Roma, Italy). Human recombinant erythropoietin was kindly provided by Drs J Burg and K-H Sellinger (Boehringer Mannheim, Penzberg, Germany). IFNg was purchased from PeproTech (London, UK).
Growth inhibition assay
For the estimation of cell growth inhibition we applied an XTT colorimetic assay from Boehringer Mannheim. Cells were seeded in triplicates into 96-microwell plates at a density of 3610 3 viable cells/well. For studies on dose-dependence, cytokines in various concentrations were added to the medium. After 4 days of culture the XTT test was performed. Cells were incubated for 3 h at 378C with a tetrazolium salt-based reagent which is metabolized by mitochondrial enzymes. The absorbance of the colored formazane product was measured at 450 nm by an ELISA reader. The percentage of growth inhibition was calculated in relation to the growth of control cells in medium without cytokines. For the experiments on time-dependence, cells were seeded with or without cytokines present at a density of 1.5610 3 viable cells/well and XTT tests were performed after dierent periods of incubation. The measured absorbance correlated well with the cell number, as observed in initial experiments (not shown).
Electrophoretic mobility shift assays (EMSA)
Nuclear extracts were prepared as described (Wegenka et al., 1993) . Protein concentrations were measured with the BioRad TM protein assay. A double-stranded mutated SIEoligonucleotide from the c-fos promoter (m67SIE: 5'-GAT CCG GGA GGG ATT TAC GGG AAA TGC TG-3') was labeled by ®lling in 5' protruding ends with the Klenow enzyme, using a-32 P-dATP (10 mCi/ml, 3000 Ci/nmol). Nuclear extracts containing 5 mg of protein were incubated with about 10 fmol (10 000 c.p.m.) of probe in gel shift incubation buer: 10 mM HEPES pH 7.8, 1 mM EDTA, 5 mM MgCl 2 , 10% glycerol, 5 mM dithiothreitol, 0.7 mM phenylmethylsulfonyl¯uoride, 0.1 mg/ml of poly(dI-C) and 1 mg/ml bovine serum albumin for 10 min at room temperature. The protein-DNA complexes were separated on a 4.5% polyacrylamide gel containing 7.5% glycerol in 0.25-fold TBE at 20 V/cm for 4 h. Gels were ®xed in a water solution of 10% methanol and 10% acetic acid for 30 min, dried autoradiographed. Data were further analysed with a Storm 840 PhosphorImager (Molecular Dynamics).
Generation of transfectants
The construction of chimeric receptors consisting of the extracellular part of the murine EPO receptor and the cytoplasmic part of gp130 or derivatives thereof has been described before May et al., 1996) . Receptor DB (retains only the membrane proximal box1/2 region) and receptors Y759, Y767, Y814 (contain additionally a dodecapeptide sequence comprising the indicated tyrosine residues) are equipped with a C-terminally located Flagepitope. XbaI ± BamHI fragments from the described pSVLderivatives were subcloned into pBluescript II SK(+) (Stratagene), then excised with NotI and ApaI and inserted between the respective sites of the pRC/CMV expression plasmid (Invitrogen). The construction of pCAGGS plasmids encoding wild-type and dominant negative STATs has been reported previously .
For preparation of stable transfectants, 2610 6 cells in 0.8 ml medium with 30 mg of the respective plasmid DNA were subjected to a double pulse (3.0 kV/99 msec) using an Electro Square Porator T820 from BTX (San Diego, USA). Transfectants were grown in the presence 1.2 mg/ml of G418 (GIBCO BRL, Eggenstein, Germany) and clones expressing exogenous protein were selected by Western blot analysis. Chimeric receptors were detected using anti-Flag monoclonal antibody M2 from Kodak (Fernwald, Germany) or a polyclonal antiserum against the cytoplasmic part of gp130 (Upstate Biotechnology, Eching, Germany). Expression of the receptors was later veri®ed by¯ow cytometry. Heterologous expression of STATs was assessed with a monoclonal antibody against the hemagglutinin (HA)-tag from BAbCO (Richmond, CA, USA). At least two single clones from each transfection were chosen for further experiments and gave similar results.
Cell lysis and Western blot analysis
Cells were lysed on the plate with 500 ml of lysis buer containing 1% Triton X-100, 10% glycerol, 50 mM HEPES pH 7.5, 1 mM EGTA, 150 mM NaCl, 1.5 mM MgCl 2 , 50 mM sodium¯uoride, 1 mM sodium vanadate, 1 mM PMSF, 5 mg/ ml aprotinin and 5 mg/ml leupeptin. Lysates were cleared by centrifugation at 12 000 g, and protein concentration was determined with the BioRad TM protein assay using BSA as a standard. Equal amounts of protein were separated on the 7.5% SDS ± PAGE gels, transferred to a PVDF membrane (Amersham, Braunschweig, Germany), probed with the respective antibodies and detected for signals using the ECL system (Amersham). Polyclonal anti-p27, anti-Rb and ant-ERK1 antibodies were obtained from Santa Cruz Biotechnology (Heidelberg, Germany).
Immunoprecipitation
Polyclonal antibodies against human SHP-2 (Santa Cruz Biotechnology, Heidelberg, Germany) were added to cell lysates. After overnight incubation at 48C, immunoprecipitates were collected with protein A-Sepharose (1 h, 48C), washed three times with lysis buer and analysed further by SDS ± PAGE. Western blot analysis was performed with the 4G10 monoclonal anti-phosphotyrosine antibody (Upstate Biotechnology). After stripping, the blot was redeveloped with the anti-SHP-2 antiserum.
Flow cytometry
Transfectants were released from the dishes by treatment with phosphate-buered saline, 10 mM EDTA. For monitoring the expression of chimeric receptors, approximately 10 6 cells were ®rst incubated with a 1 : 100 dilution of a polyclonal rabbit antiserum raised against a glutathione-S-transferase fusion protein of the extracellular region of the murine EPO receptor. The fusion protein had been expressed in E. coli and puri®ed by the sarcosyl method (Frangioni and Neel, 1993) . As a secondary antibody, a phycoerythrin (PE)-conjugated donkey anti-rabbit IgG antibody (Dianova, Hamburg, Germany) was used. MHC class I expression was measured with monoclonal antibody W6/32 (Sigma-Aldrich, Steinheim, Germany) followed by incubation with PEconjugated goat anti-mouse IgG antiserum (Dianova). Fluorescence data were collected with a FACSCalibur (Becton Dickinson) and further analysed using the CellQuest software.
RNA isolation and Northern blot analysis
Total RNA was isolated with the RNeasy kit from Qiagen (Hilden, Germany). Five mg of RNA were denatured, sizefractionated by electrophoresis in a 1% agarose-formaldehyde gel and transferred onto GeneScreen Plus nylon membrane (DuPont NEN Research Products, Boston, MA, USA). Detections of p27 mRNA were performed using human p27 cDNA labeled with a-32 P-dATP with a random primer labeling kit (Boehringer Mannheim). After stripping of the blot, hybridization with a GAPDH cDNA probe was performed to control loading and transfer of RNA. Signals were quanti®ed using a Storm 840 PhosphorImager with the ImageQuant software (Molecular Dynamics) and normalized according to the GAPDH values.
